ABSTRACT Structural comparisons have led to the suggestion that the conformational rearrangement that would be required to change A-DNA into the TA-DNA form of DNA observed in the complex with the TATA box binding protein (TBP) could be completed by modifying only the value of the glycosyl bond by ϳ45°. The lack of a high number of crystal structures of this type makes it difficult to conclude whether a smooth transition from A-DNA to TA-DNA can occur without disrupting at any point either the Watson-Crick base pairing or the A-DNA conformation of the backbone. To explore the possibility of such a smooth transition, constrained molecular dynamics simulations were carried out for the double-stranded dodecamer d(GGTATATAAAAC), in which a transition from A-DNA to TA-DNA was induced by modifying only the angle values. The results demonstrate the feasibility of a continuous path in the A-DNA to TA-DNA transition. Varying extents of DNA curvature are also attainable, by maintaining the A-DNA backbone structure and Watson-Crick hydrogen bonding while changing the angle value smoothly from that in A-DNA to one corresponding to B-DNA.
INTRODUCTION
The formation of a complex between the TATA box binding protein (TBP) and the TATA box of the core promoter is a crucial event in the initiation of transcription of proteincoding genes by RNA polymerase II (Pol II) Pugh, 1996) . The three-dimensional structure of the TBP/DNA complex (Geiger et al., 1996; Juo et al., 1996; Kim et al., 1993a,b; Kosa et al., 1997; Nikolov et al., 1995 Nikolov et al., , 1996 Tan et al., 1996) reveals that TBP recognizes the minor groove of the TATA element. In contrast to TBP, which undergoes only a small conformational change upon binding, the 8-bp TATA box is clearly unwound and dramatically bent toward the major groove (see , for a review on unusual DNA conformations). When flanked by standard B-DNA conformation, this novel TATA box structure produces a major change in the trajectory of the DNA, corresponding to a junction-type bend of ϳ90° (Kim et al., 1993a,b) . This bend is absolutely required for TFIIB recruitment at the promoter (Choy and Green, 1993; Kosa et al., 1997; Nikolov et al., 1995) and transcription by Pol II. Two mechanisms have been proposed to produce the bend in DNA by TBP: the low dielectric environment of the protein increases the repulsion between the phosphates across the minor groove, causing the bend toward the major groove (Elcock and McCammon, 1996) ; alternatively, the stretching of the backbone of the DNA produces a structure reminiscent of the one found in the complex with TBP .
Statistical analysis of various conformational parameters of the DNA in the complex showed that the torsion angles of the TATA box in the complex with TBP (TA-DNA) resemble those of the A-DNA structure, with the exception of the glycosyl-bond torsion angle (: O4Ј-C1-N1-C2 for pyrimidines and O4Ј-C1-N9-C4 for purines), which is in the range typical for B-DNA (Guzikevich Guerstein and Shakked, 1996) . This particular combination of backbone dihedral angles produces a very strong inclination of the base pairs with respect to the helical axis (Olson, 1977) , and is responsible for the 90°bend seen in the context of B-DNA, where the base pairs have zero inclination. The structural comparisons by Guzikevich et al. (1996) thus led to the suggestion that the transition from A-DNA to the TA-DNA conformation in the complex could be completed by modifying only the value of by ϳ45° (Guzikevich et al., 1996) . Inspection of the crystal structure of the TATA box complex with TBP (Kim et al., 1993a,b) further suggested that the intercalation of two pairs of conserved Phe residues into the first two and last two base pairs of the TATA box may be sufficient to produce the desirable change in . However, Guzikevich et al. (1996) pointed out that the lack of a high number of crystal structures of this type makes it difficult to propose a smooth transition from A-DNA to TA-DNA without the disruption of either the Watson-Crick base pairing or the A-DNA conformation of the backbone. It remained unclear, therefore, whether a continuous mechanism is possible in which a gradual change in the rotation around would produce a gradual change in the DNA trajectory. Because resolving this uncertainty could lead to insights into the actual mechanism of DNA bending by TBP, we have used molecular dynamics simulations of the TATA box-containing dodecamer d(GGTATATAAAAC) to explore the feasibility of a continuous path in the A-DNA to TA-DNA transition solely by changing the angle values, and within the constraints of an A-DNA backbone and Watson-Crick base pairing.
METHODS
The A-DNA to TA-DNA conformational transition
The double-stranded DNA dodecamer d(GGTATATA-AAAC) that contains the consensus TATA box sequence TATAt/aAt/aX (in bold), was built in the canonical A-DNA conformation (Arnott and Hukins, 1972) , a common starting point for simulations with the AMBER package (Cheatham and Kollman, 1996; Cieplak et al., 1997) . To achieve electroneutrality of the system, counterions (a total of 22 sodium ions) were included, positioned initially at a distance of 5 Å from each P atom. The DNA and the counterions were placed in a rectangular box containing Monte Carlo-equilibrated TIP3P water (3987 water molecules). The molecular dynamics simulations were run with the Sander module of AMBER 4.1 (Pearlman et al., 1995) , in the all-atom force field (Cornell et al., 1995) , SHAKE bond constraints, with a 2-fs time step, and at a constant temperature of 300 K coupled to a heat bath. Initially, the DNA atoms were kept fixed, whereas the sodium ions and water molecules were heated (from 0 to 300 K in 15 ps) and equilibrated (from 15 to 100 ps) at constant pressure with isotropic scaling. The final box sizes after equilibration were ϳ68.0 Å by 41.9 Å by 44.7 Å, resulting in a final density of 1.04 g cm
Ϫ3
. Subsequently, the whole system was energy minimized (500 steps), heated (from 0 to 300 K in 15 ps), and equilibrated (from 15 to 50 ps), and the production run (from 50 to 250 ps) was carried out at constant volume, using the particle mesh Ewald (PME) method to evaluate electrostatic interactions (Darden et al., 1993) . The PME charge grid spacing was ϳ1.0 Å, the B-spline interpolation order was 4, and the charge grid was interpolated with the direct sum tolerance set to 0.00001, common parameters for PME simulations with the AMBER package (Cheatham and Kollman, 1996) .
Flat harmonic restraints (32 kcal mol Ϫ1 rad Ϫ1 ) were applied during the entire simulation to maintain the A-DNA conformation by constraining the torsional angles ␣, ␤, ␥, ␦, ⑀, and of the 24 nucleotides of the dodecamer, and the torsional angle (206 Ϯ 5°) of the four nucleotides at both ends of the DNA helix (see Table 1 ). In addition, flat harmonic restraints (32 kcal mol Ϫ1 Å Ϫ1 ) were also applied to maintain Watson-Crick base pairing (within Ϯ0.1 Å) in all basepairs.
The values of for the 16 nucleotides comprising the TATA box were changed in the following manner. During the first 50 ps, the torsional angles were kept close to the standard A-DNA values (206 Ϯ 5°) with harmonic restraints of 32 kcal mol Ϫ1 rad
Ϫ1
. For the next 150 ps, the values of were simultaneously and slowly changed from those obtained during the A-DNA trajectory to those obtained in the crystal structure (Kim et al., 1993a) of the TA-DNA conformation (listed in Table 2 ), with harmonic restraints of 64 kcal mol Ϫ1 rad
. Finally, for the last 50 ps of the simulation, the values of were kept close to the TA-DNA values obtained in the crystal structure with flat harmonic restraints of 32 kcal mol Ϫ1 rad
. It is important to note that the four nucleotides at both ends of the DNA helix are kept within the A-DNA conformation during the entire simulation. The average and standard deviation of the restraint energy that maintains the A-DNA conformation are 65.3 kcal/mol and 8.8 kcal/mol, respectively, during the first 50 ps. The restraint energies that maintain the A-DNA conformation of the backbone and change the angle are even smaller during the A-DNA to TA-DNA transition (the next 150 ps): 53.8 kcal/mol and 6.3 kcal/mol for the average and standard deviation, respectively. Finally, during the last 50 ps of simulation, the average and standard deviation of the restraing energy (keeping the TA-DNA conformation) are also of the same magnitude: 56.8 kcal/mol and 7.1 kcal/mol. Judging from the fact that the values for the dihedral angle ␤ lie outside the flat restraint interval zone, this dihedral angle might be responsible for most of the restraint energy.
Progressive DNA bending
The mechanism of DNA bending by gradual changes in the torsion angle of the glycosyl bond is illustrated by the structures of d(GGTATATAAAAC) computed during the A-DNA to TA-DNA conformational transition (see previous section), at 50 ps, 150 ps, and the average structure computed from the simulation between 200 and 250 ps (Fig.  5) . To emphasize the structural consequences of the structural transition, the DNA oligomers were extended at the 5Ј and 3Ј ends by substituting the original A-DNA regions d(GG) and d(AC) for double-stranded DNA d(GGGGGGGGG) and d(ACCCCCCCC) in the A-DNA conformation (Arnott and Hukins, 1972) , respectively. The resulting structures show the transition from a straight A-DNA structure to an A/TA/A structure with two junctions. To compare the final structure obtained for the TATA box with the existing crystal structures of TBP/TATA box complexes, the average structure for the TATA box computed from the simulation between 200 and 250 ps was extended at the 5Ј end by d(TGTATGTA) in the B-DNA conformation found outside the TATA box in the crystal structure of the complex with TBP and TFIIA (Geiger et al., 1996) , and at the 3Ј end by d(GGCTG) in the B-DNA conformation found outside the TATA box in the crystal structure of the complex with TBP and TFIIB (Nikolov et al., 1995) . The addition of B/TA/B junctions is illustrated in Fig. 5 (see Results).
RESULTS AND DISCUSSION

A-to TA-conformational transition
The gradual change in the values of the angle throughout the molecular dynamics simulation is shown in Fig. 1 A for each nucleotide on the coding strand of the TATA box. Fig.  1 B shows the corresponding comparison of various structures, expressed as the root mean square difference (RMSD) A, Sugar pucker amplitude; *, flat harmonic restraint zero penalty interval. Above: final structure (average over 200 -250 ps); below: target structure (Kim et al., 1993b ; refined at 2.5 Å).
in their atomic coordinates. The compared structures include the snapshots from the computer simulation, canonical A-DNA and B-DNA (Arnott and Hukins, 1972) , and a crystal structure of TA-DNA (Kim et al., 1993a) . The RMSD values indicate that as the simulation progresses and the angle values slowly change from those in A-DNA to those in the TA-DNA structure (Fig. 1 A) , the computed structure gradually becomes more similar to the conformation found in the crystal structure of the TBP/TATA box complex (Fig. 1 B) . At the end of the simulation, the average structure converged to the expected RMS difference of 1.3 Å from the crystal structure of TA-DNA (shown as a black broken line in Fig. 1 B) . This RMSD of 1.3 Å is expected because it is the average of the RMS values between canonical A-DNA and TA-DNA backbones, calculated from the separate superpositions of the backbone in each strand (see black broken line in Fig. 1 C) . The RMSD between computed and TA-DNA backbones (red lines in Fig. 1 C) is in the range of 1.0 -1.9 Å for the coding strand A, and 0.6 -1.6 Å for the noncoding strand B, with an average value of 1.3 Å (see broken black line). These small RMSD values confirm the proposed similarity, but not the identity, of the backbones of the A-DNA and the TA-DNA structures (Guzikevich et al., 1996) , summarized in Table 2 . Because of the application of restraints keeping the backbone in the A-DNA conformation during the simulation (see Methods and the blue lines in Fig. 1 C) , this RMSD of 1.3 Å is in fact the minimum value that can be achieved from the comparison of the computed structures with the experimental TA-DNA, as long as the A-DNA constraints are in place (broken black line in Fig. 1 B) . A stereo view of the RMS best fit of the crystal structure of TA-DNA and the average structure computed from the simulation between 200 and 250 ps is shown in Fig. 2 . Notably, the constrained simulation we have performed does not, in itself, ensure the convergence to this final structure. The process would fail if the path defined by changing only the angle value were incompatible with the constraints defined by the hypothesis of Guzikevich et al. (1996) . As a matter of fact, omission of the H-bond constraints results in a slipped structure, as predicted by Olson (1977) and illustrated by Guzikevich et al. in figure 3 of their paper (Guzikevich et al., 1996) .
As a further characterization of the relation between the final structure and the crystal structure of TA-DNA, selected geometrical parameters for the base pairs of the resultant TATA box are compared with A-DNA and with the target crystal structure in Fig. 3 . Keeping in mind that the backbone was not allowed to relax in the simulation, it is remarkable to note the coincidence in the patterns for inclination (Fig. 3 A) , twist (Fig. 3 B) , and slide (Fig. 3 C) between the actual crystal structure (Kim et al., 1993a ) and the average structure for the interval between 200 and 250 ps. On the other hand, the pattern for roll (Fig. 3 D) is not reproduced entirely, and rise (not shown) is not reproduced at all. A likely explanation for this failure is the discrepancy between the canonical A-DNA backbone dihedral angles (the ones used in AMBER or the ones listed by Guzikevich et al., summarized in Table 1 ) and the actual crystal structure backbone dihedral angles at the first and last base pair steps of the TATA box, identifiable in Table 2 (nucleotides  3, 4, 9, 10, 15, 16, 21, and 22) . As indicated in table 1 of Guzikevich et al. (1996) , these values, which deviate largely from the mean values found for the other base pairs of the TATA box, were excluded from their calculations of average values for the backbone dihedral angles of TA-DNA. , values were slowly changed to those found in the TA-DNA structure, and were maintained close to those in the TA-DNA structure during the 200 -250-ps period (see Methods for details). The angles of the TA-DNA structure in the TBP complex (Kim et al., 1993a) are in the range of 231°-277°, with the exception of the angle corresponding to the first nucleotide of the TATA box (T), which remains close to the A-DNA value (199°, see black line). (B) RMSD comparison of the computer-simulated structures, canonical A-DNA (blue) and B-DNA (green), and the crystal structure of TA-DNA (red). Values are calculated for the heavy atoms of the 8-bp TATA box. The expected minimum RMSD between the computer-simulated structures and the crystal structure of TA-DNA, derived from C, is shown as a broken black line. (C) RMSD comparison of the coding strand A (solid line) and noncoding strand B (broken line) of the sugar-phosphate backbone, in the computer-simulated structures, compared to canonical A-DNA (blue), and to the crystal structure of TA-DNA (red). Each strand was matched separately.
A striking feature of the transition from A-DNA to TA-DNA is illustrated in Fig. 4 , which shows that the structural rearrangement is achieved by shifting the sugar-phosphate backbone of one strand by one residue relative to the complementary strand. This apparent shift of the strands relative to one another results in the characteristic change in orientation of the base pair observed before (Guzikevich et al., 1996; Olson, 1977) . To illustrate the key phenomenon of gradual transformation from the A-DNA to the TA-DNA form, Fig. 4 depicts the structures of the central base pair T7:A18 of the TATA box obtained at 50 ps, 100 ps, 150 ps, and the average structure computed from the simulation in the 200 -250-ps period. The comparison of the evolving structures brings into evidence the repositioning of the sugar moiety of A18 toward the 3Ј end, and the progressive change in the orientation of the base pair with respect to the helix axis as a function of gradual change expressed in the simulation time. Thus the results illustrate the gradual change in the rotation around the angle during the simulation (Fig. 1 A) , which brings about a gradual change in the inclination in the base pair through the continuous shift of the sugar-phosphate backbone (Fig. 4 ). In the absence of H-bond constraints between the base pairs, the change in results in the disruption of the base pair, as described by Olson (1977) ; hence one plausible role for the phenylalanine residues that partially intercalate into the DNA might be to guarantee that the base pairs do not slip.
Progressive DNA bending
The process of progressive DNA bending by the changes in the torsion angle of the glycosyl bond is illustrated in Fig. 5 , which shows the structures computed during the A-DNA to TA-DNA conformational transition at 50 ps (red), 150 ps (orange), and the average structure computed from the trajectory between 200 and 250 ps (yellow), with the extensions at the 5Ј and 3Ј ends by DNA moieties in the A-DNA conformation (see second part of Methods, under Progressive DNA Bending). The computed structures of the TATA box during the conformational transition are shown as flat ribbons, whereas the extended atoms are shown as tube ribbons. The common extended atoms, at the 5Ј end (green), were superimposed. The computed intermediates corresponding to structures with intermediate values exhibit different extents of DNA curvature (cf. the structure at 150 ps in orange) that are transitional between the starting point (the structure at 50 ps, in red, which according to Fig. 1 is still A-DNA) and the structure with the largest degree of bending of the DNA helix produced at the end of this simulation, i.e., the TA-DNA flanked by A-DNA (in yellow). Note that although both the A-DNA and TA-DNA component pieces of the structures shown in Fig. 5 are straight (Guzikevich et al., 1996) , the bend observable in each of the full DNA structures results from the junction between different conformations, specifically from the different inclinations of the base pairs in A-DNA and TA-DNA (A/TA/A). The final TA-DNA conformation shown in Fig. 5 is the one attainable with a angle value corresponding to B-DNA (see green broken line in Fig. 1 A) , in the context of a backbone structure corresponding to A-DNA (see blue lines in Fig. 1 C, and Table 2) . 2 Stereo view of the RMS best fit of the average structure computed from the trajectory between 200 and 250 ps (yellow) and the DNA molecule of the TBP/TATA box crystal structure (Kim et al., 1993a) (red) . Only the heavy atoms of the 8-bp TATA box are shown. 250 ps, extended at the 5Ј and 3Ј ends by DNA in the B-DNA conformation (see blue structure and second part of Methods). Clearly, the bend observed in the various crystal structures (Geiger et al., 1996; Juo et al., 1996; Kim et al., 1993a,b; Kosa et al., 1997; Nikolov et al., 1995 Nikolov et al., , 1996 Tan et al., 1996) results from the junction between the TA-DNA conformation in the TATA box and the B-DNA conformation at the boundaries of the TATA box (B/TA/B) .
The evolution of the structural rearrangement of DNA resulting from the gradual change in the value of the glycosyl bond angle throughout the constrained molecular dynamics simulation points to the possibility of finding many conformational intermediates on the path between the A-DNA and the TA-DNA conformations. Thus, following the hypothesis of Guzikevich et al. and assuming that the transition to a TA-DNA structure involves a transition from A-DNA, it is likely that DNA structures corresponding to some of these computational intermediates will be observed to exist independently when additional crystal structures of protein-DNA complexes of this kind become available.
CONCLUSIONS
It has recently been shown that unrestrained molecular dynamics simulations reproduce conformational transitions of the DNA molecule from A-DNA to B-DNA (Cheatham and Kollman, 1996) and from B-DNA to A-DNA (Yang and Pettitt, 1996) , depending on the sequence, the force field used in the simulations, and the environmental conditions. From similar unrestrained molecular dynamics simulations of seven DNA dodecamers, we identified the sequencedependent tendency for deformation related to TBP binding to TATA box sequences (Pastor et al., 1997a) . It is important to note that a spontaneous transition to the TA-DNA conformation was not observed for any of these dodecamers. However, it appears that such studies reproduce the , over the 8 bp of the TATA box. The slide, roll, and twist parameters were calculated with CURVES 4.1 , whereas inclination was calculated with the CURVES version incorporated in the Dials and Windows package (Ravishanker et al., 1989) . apparent predisposition of DNA dodecamers containing TATA sequences toward attaining a conformation close to that of A-DNA (Pastor et al., 1997a; Pastor et al., 1997b; Flatters et al., 1997) that was observed experimentally (Shakked et al., 1983) . Therefore, it is attractive to consider that the first step in the proposed mechanism of DNA bending involves the recognition of the TATA box in an A-DNA-like conformation, followed by an A-DNA to TA-DNA transition that could be achieved smoothly, as demonstrated here by modifying the value of the glycosylbond torsion angle, within the constraints of an A-DNA backbone.
Helpful suggestions of clarification and improvement by anonymous reviewers are gratefully acknowledged. FIGURE 4 Structures of the central base pair T7:A18 of the TATA box at 50 ps (red), 100 ps (purple), 150 ps (green), and the average structure computed from the trajectory between 200 and 250 ps (yellow). The atoms of the backbones of A6, T7, and A8 were superimposed. This comparison emphasizes that the transition from A-DNA to TA-DNA, driven by the glycosyl-bond torsion angle, involves a continuous motion of the sugar moieties toward the 3Ј end and a gradual change in the orientation of the base pair. The other base pairs of the TATA box behave in an identical manner.
FIGURE 5
Structures from the A-DNA to TA-DNA conformational transition at 50 ps (red) and 150 ps (orange), and the average structure computed from the trajectory between 200 and 250 ps (yellow and blue). These TATA box structures have been extended at the 5Ј and 3Ј ends (see the second part of Methods, Progressive DNA Binding) by DNA segments in the A-DNA conformation (red, orange, and yellow) and B-DNA conformation (blue). The computed structures of the TATA box during the conformational transition are shown as flat ribbons, whereas the extensions are shown as tube ribbons. The structures were superimposed at the 5Ј end extensions (in green).
